The influence of congenital colour defects on a clinical computer test for equiluminous colour discrimination is studied. Differences in relative spectral sensitivity and changes in colour contrast discrimination are two distinct manifestations of the abnormal genes responsible for congenital red-green defects. The very simple and rapid method of the heterochromatic flicker brightness test acts like an anomaloscope and can be used to distinguish protan and deuteran defectives. The depth of the congenital colour defect can be quantified by the colour contrast threshold measured in equiluminous conditions along a single red-green axis identical for all types of red-green coiour defectives. Colour contrast thresholds in tritan colour axes are not influenced by congenital redgreen defects and therefore they are of extreme clinical interest to detect and quantify acquired colour defects, even in the presence of a previously unknown congenital red-green defect.
INTRODUCTION
The introduction of computer-aided colour vision tests is a promising development for clinical colour vision testing. Standard colour vision tests were designed for detection of congenital colour defects but are less useful for the detection and evaluation of acquired colour defects. Furthermore, most of these tests are qualitative (e.g. Ishihara plates, or at most semi-quantitative (Farnsworth-Munsell 100 hue). More recently the use of high quality colour monitors and computer devices has been introduced in the domain of clinical colour vision testing as they offer a quantitative approach which can be of significant value in the diagnosis and management of acquired diseases (Mollon & Sharpe, 1983) . However, clinical colour vision testing is confronted with a significant minority of the population demonstrating a congenital colour defect. Therefore congenital colour defectives are a challenge for every clinical colour vision test. We here give the first detailed report on congenital colour defects investigated by a computer-controlled colour vision test based on a display monitor.
We investigated colour contrast thresholds in normals and in congenital red-green defectives using a computer system proposed by Arden, Gunduz and Perry (1988) that enables rapid testing of colour discrimination by measuring the detection threshold for a colour stimulus presented on an equiluminous background. This means that only the chromaticity of the test stimulus is modulated without any associated change in luminance. All colours are adjusted for individual differences in relative spectral sensitivity by means of a heterochromatic flicker brightness match. Analysing the relative brightness values in the heterochromatic flicker brightness test in normals, congenital red-green defectives and female carriers of congenital red-green defects confirmed that the difference in relative spectral sensitivity and the change in colour contrast discrimination in congenital red-green defectives are indeed two distinct manifestations of the abnormal genes responsible for congenital red-green defects.
Subsequently we measured colour contrast thresholds along three characteristic colour axes proposed by Arden et al. (1988) , i.e., protan, deuteran and tritan axes, chosen according to previously described colour confusion lines (Pokorny, Smith, Verriest & Pinckers, 1979) .
In both red-green axes, congenital colour defectives had elevated colour contrast thresholds compared to normals. In the tritan axis, however, they showed normal values. This finding is important in considering the defects found in acquired disease, which are often more pronounced in the tritan axis.
As it was not obvious how to distinguish the different classes of congenital colour defectives using the thresh-1056 M. DEVOS et al. olds along the proposed colour axes, a more elaborate investigation was performed. Analogous to the experiments of MacAdam (1942) , colour contrast ellipses were determined by measuring colour contrast thresholds in different directions departing from one specified locus in CIE colour space. Colour contrast ellipses were analysed in normals and congenital red-greed defectives.
METHODS
Colour contrast thresholds were measured using the system previously described in detail by Arden et aL (1988) : a personal computer (Compaq Deskpro 386S, 16 MHz) displays an image on a high quality TV monitor (Barco). The display board used is a TSL 206 with a 24 bit palette, operating at 100 MHz on a 980 x 768 pixel display with a 94 Hz refresh rate. The software includes a special calibration program, so that the relation between the bit values set on the A/D converters of the TSL driver card for the R, G and B guns and the resulting screen luminance are precisely determined. The calibration program also contains values for the CIE standard observer (Wyszecki & Stiles, 1984) . From the data in the calibration file, the program calculates the bits required to produce any desired luminance and chromaticity specified in terms of the CIE 1931 (X, Y, Z) colour system. The day-to-day stability of the system was earlier established (see Fig. 2 , Arden et aL, 1988) . The resulting colours and luminances were checked with a sensitive photometer and it was found that the expected results were achieved with a deviation of less than 3% of luminance and 0.005 of a chromaticity unit, which is the approximate resolution of the calibrating meter.
To achieve equiluminance between any colour stimulus and the background, all tests started with a heterochromatic flicker brightness test, determining the relative luminance of the red (R), green (G) and blue (B) guns required for the particular subject. In this test a red and a green square subtending 2 deg are presented in a rapid alteration (22 Hz). The radiance of the green square is adjusted by the subject using the 'mouse' buttons until flicker sensation is at a minimum. Then a green patch and a blue patch are alternated, and again the radiance of the green square is changed until minimal flicker sensation is achieved. The software program expresses the relative luminance of the two patches of light, with reference to the CIE standard observer (2 deg, 1931) .
Colour contrast is defined as the vector distance in the CIE colour space between the colour of the stimulus and the colour of the background. The colour contrast threshold is defined as the minimal colour distance between stimulus and background for which the subject is able to differentiate the stimulus from the background. The axis along which a threshold is determined is described by two points nominally defined by (x,y) coordinates. The colour of the background on which the stimulus is presented, is situated exactly half the distance between the two defined extreme colours. Thresholds are determined while modulating the colour of the stimulus along the defined axis between the colour of the background (threshold = 0%) and one of the two extreme colours (threshold = 100%). The stimuli used are capital letters subtending 2 deg vertically at a viewing distance of 1.5 m and are presented for 200 msec at intervals of 1 sec. The 10 different letters are randomly presented in a forced choice paradigm: the subject must make a positive answer. The modified binary search procedure is preferred as the method has proven to be very fast for clinical determination of colour contrast thresholds in acquired colour defects (Falcao-Reis, O'Donoghue, Buceti, Hitchings & Arden, 1990) .
We first measured colour contrast thresholds in equiluminous conditions along the standard axes proposed by Arden et al. (1988) The (x,y) values represent CIE coordinates of the colours without any adjustment for differences in individual relative absorption. In a second experiment, equiluminous colour contrast thresholds were measured in normals and congenital colour defectives along 10 or 12 colour axes, respectively, all centered on a single locus. For all classes of congenital colour defectives, the central locus was nominally identical before adjustment for the individual differences in relative spectral sensitivity i.e. [x = 0.33, y = 0.33]. Analogous to the results of MacAdam (1942) , ellipses were fitted through the data points. The ellipses are calculated based on the Bookstein algorithm (Bookstein, 1979) , and are described by the length of the major and minor axis, and the angle of inclination of the long axis to the x-coordinate.
RESULTS
Heterochromatic flicker brightness tests and colour contrast thresholds were analysed in normal subjects and congenital colour defectives. All tested subjects had normal routine ophthalmologic findings. Their ages ranged from 19 to 59 yr. Normal subjects had normal Ishihara pseudoisochromatic readings and a normal Rayleigh-equation on the anomaloscope (0.74>Q> 1.33). Colour defectives were detected by screening with Ishihara test plates and Farnsworth Panel D-15 caps. The classification of congenital colour defectives was based on Nagel anomaloscopy type I. Subjects were classified using the Linksz procedure into simple anomalous trichromats, extreme anomalous trichromats and dichromats for both protan and deuteran defectives (Pokorny et al., 1979) .
Heterochromatic flicker brightness match
Individual heterochromatic flicker brightness tests were performed to achieve equiluminous conditions while measuring colour contrast thresholds in 55 normals and 49 congenital red-green defectives (see Methods). The relative luminance of the red and the green square (R:G ratio) and of the blue and the green square (B:G ratio) at minimal flicker were analysed. Normals. 55 normals were examined including 21 males and 34 females. (Fig. 1, A1 ). The mean R: G ratio for normal males was 1.05 (SD = 0.11, min = 0.91, max = 1.33). For females the mean R:G ratio was 1.10 (SD=0.20, min=0.76, max=l.75) . There was no significant difference between the R:G ratios in males and females (t-test, P < 0.1). However normal females clearly showed a larger spread of the R: G ratio then normal males. (Fig. 1, B1 ). The mean B: G ratio for normal males was 0.90 (SD = 0.19, min = 0.58, max = 1.23). For females the mean B:G ratio was 0.88 (SD=0.15, min=0.58, max=l.19). There was no significant difference between the B:G ratios in males and females (t-test, P<0.1). The distribution of the B:G ratios of normal males was almost identical to the distribution of the B: G ratios of normal females.
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Congenital colour defectives. Data of 49 congenital
red-green defectives were analysed and compared to normals. Colour defectives were all males and included 28 protan defectives (19 protanopes and 9 protanomalous trichromats) and 21 deuteran defectives (4 deuteranopes, 4 extreme deuteranomalous trichromats and 13 simple deuteranomalous trichromats). Fig. 1, A2 ). The mean R:G ratio for all protan defectives was 2.22 (SD = 0.24, min = 1.70, max = 2.53). The mean R: G ratio for all deuteran defectives was 0.78 (SD = 0.07, min = 0.64, max = 0.89). Figure 1 (A2) shows non-overlapping distributions of R: G ratios of protan and deuteran defectives. There was no difference in distribution of the R:G ratios between the different subclasses within protan nor within deuteran defectives. Compared to normals protan defectives required a higher intensity of the red primary while deuteran defectives required a higher intensity of the green primary to obtain minimal flicker sensation. The R: G ratios of both protan and deuteran defectives show non-overlapping distributions with normal males, but a slight overlap with the distribution of the R: G ratios for normal females. Fig. 1, B2 ). The mean B:G ratio for all protan defectives was 0.76 (SD=0.12, min=0.58, max =0.99). The mean B:G ratio for all deuteran defectives was 0.94 (SD = 0.17, min = 0.60, max = 1.30). Comparing the B:G ratios of congenital red-green defectives with the B:G ratios of normals, only one significant difference was found, i.e., between protanopes and normals (t-test, P < 0.0001). Due to the Thresholds are expressed as a percentage of the maximum colour contrast arbitrarily defined by the most extreme colours in the colour axis displayed and as a vector distance in the (x,y) diagram. Student's t-test: NS = P/> 0.02; * = 0.001 >~ P < 0.02; ** = P < 0.001.
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overlapping distribution it is, however, impossible to identify protanopes by means of the B : G ratio.
Carriers.
Our data confirm the non-overlapping distribution of the R:G ratio for normal males and congenital protan and deuteran colour defectives previously found by Schmidt (1955) . The larger spread of the R:G ratio in females could possibly be explained by the hereditary transmittance of congenital colour defects, which are X-chromosome linked, and thus by the presence of carriers in the tested group of females. In an attempt to confirm this explanation, six obligate carriers (at least one son has a congenital colour-defect) were tested. All obligate carriers had normal colour vision. Three of them were carriers of a protan defect, three of a deuteran defect.
R: G ratio (Fig. 1, A3) . The R:G ratios for the three individual protan carriers were 1.41, 1.70 and 1.66. For the deuteran carriers the R: G ratios were 0.72, 0.76 and 0.88. These values fell out of the range for normal males (min = 0.91, max = 1.33) and fell within the distribution for the corresponding colour defectives. These data confirm that the presence of an abnormal gene for a congenital colour defect affects the relative intensities at heterochromatic flicker brightness match, while keeping the standard colour vision tests unaffected.
B: G ratio (Fig. 1, B3) . The B:G ratios for the three individual protan carriers were 0.90, 0.93 and 1.08. For the deuteran carriers the B:G ratios were 0.60, 0.79 and 0.80. These values fell within the normal range.
Equiluminous colour contrast thresholds along a protan, deuteran and tritan axis
We determined colour contrast thresholds along the protan, deuteran and tritan colour axes proposed by Arden et al. (1988) in 28 normals and 29 congenital colour defectives. For each tested subject the stimuli presented on the display were adjusted in accordance with the heterochromatic flicker brightness test (see Methods) to keep all stimuli precisely equiluminant. For normals this correction was small and the presumption can be made that the colours at the photoreceptor level were always identical. For the defectives, larger shifts in colour were made, and varied from individual to individual. The colours at photoreceptor level also varied quite considerably from the normal. (This difference is discussed below.) The thresholds are expressed as a vector distance along the tested axis. In the applied vector representation the colour shift induced by the heterochromatic flicker brightness test is not taken into account. Therefore, thresholds for all subjects can be described only by the length of the vector in the nominal (x,y) colour space.
Normals.
The distribution of the colour contrast thresholds for normals is shown in Fig. 2(A) . The mean threshold for the protan axis was 0.0086 units in the nominal (x,y) space, (SD --0.0023, max =0.0117). For the deuteran axis the mean threshold was 0.0070 (SD = 0.0021, max = 0.0105) and for the tritan axis the mean threshold was 0.0146 (SD=0.0042, max= 0.0232). The thresholds are given in Table 1 for the protan and the deuteran colour axes. For comparison with earlier published data the table also includes the mean thresholds, expressed as a percentage of the maximum vector distance arbitrarily defined by the (x,y) coordinates of the two extreme colours along the colour axis displayed. The thresholds in the proposed protan, deuteran and tritan colour axes are in close agreement 
Congenital colour defectives.
Colour contrast thresholds along the defined axes were measured in 19 protan defectives (13 dichromats and 6 anomalous trichromats) and 10 deuteran defectives (two dichromats, two extreme anomalous trichromats and six simple anomalous trichromats). The values of the colour contrast thresholds for the subclasses of congenital colour defectives are given in Table 1 for the protan and deuteran colour axes. The table includes a statistical analysis of the differences in the thresholds in the specified subclasses. In the protan axis the mean colour contrast threshold for all congenital colour defectives was 0.0688 (SD = 0.0387, min = 0.0202). In the deuteran axis the mean threshold was 0.0739 (SD = 0.0378, rain = 0.0207). Figure 2 shows non-overlapping distributions for congenital colour defectives and normals in both the protan and deuteran colour axes (first and second column). Therefore all congenital colour defectives can be differentiated from normals based on colour contrast thresholds in the protan or the deuteran colour axes.
In the tritan axis, the mean colour contrast threshold for congenital red-green colour defectives was 0.0159 (SD = 0.0049, rain = 0.0074). There was no difference in the distribution of coiour contrast thresholds in the tritan axis for congenital colour defectives and normals (Fig. 2, third column) .
Thus congenital red-green defectives are clearly distinguished from normals based on colour contrast thresholds in both red-green colour axes. However, colour contrast thresholds measured in equiluminous conditions along the standard colour confusion lines do not distinguish protan from deuteran defects (Fig. 2) . A more elaborate investigation was performed to study colour contrast thresholds in the different subclasses of congenital colour defectives.
MacAdam ellipses
In both normals and congenital colour defectives equiluminous colour contrast thresholds were determined in several directions in colour space. All tested colour directions were centered on a single locus i.e., [x = 0.33 y = 0.33]. This means that for each tested subject the background on which the stimuli were presented was identical for all tested colour axes. The orientations of these colour axes were chosen based on preliminary results and were concentrated on the area where colour contrast thresholds were expected to be higher. Choosing slightly different directions of the tested colour axes did not alter the final result (not illustrated). The colour contrast thresholds of the different colour axes can be represented by the vector distances determined by the CIE coordinates of the colours before adaptation according to the subjects' heterochromatic flicker brightness test. For each subject an ellipse was fitted to the datapoints and is described by the length of the major and minor axes, and the angle of inclination of the long axis anti-clockwise to the x-coordinate. In this diagram the background on which the stimuli are presented is identical for all tested subjects• Normals. We investigated 10 normal subjects. The ellipse fit to the thresholds of a normal individual is shown in Fig. 3(A) . The ellipse fit to the mean thresholds of all 10 subjects for each tested colour direction is shown in Fig. 3(D) . The orientation of the ellipses is given in Table 2 . The mean angle of the major axis is +61.2 deg (SD = 4.5). The angle of the normal ellipses ranged from +54.0 to +68.4 deg. This axis corresponds to the original findings of MacAdam (1942) , and represents a blueyellow direction in CIE colour space. The minor axis, orthogonal to the major axis is a red-green direction in CIE colour space• The lengths of these axes are given in Table 3 . The mean length of the blue-yellow major axis was 0.0078 (SD = 0.0018). The mean length in the redgreen minor axis was 0.0029 (SD = 0.0007). The thresholds found along the red-green direction of the minor axis are significantly lower then the thresholds found along the blue-yellow direction of the major axis (t-test, P < 0.0001).
Congenital colour defectives. Equiluminous colour
contrast thresholds were measured in 12 colour axes nominally centered on [x=0.33, y=0.33]. Colour contrast ellipses were determined in eight protan defectives (five protanopes and three protanomalous trichromats) and 10 deuteran defectives (three deuteranopes, three extreme deuteranomalous and four simple deuteranomalous trichromats). Figure 3 shows the result of a protanomalous (B) and a deuteranomalous trichromat (C)---showing the precision of the results obtained by this method even in anomalous trichromats. Figure 3(D) shows the mean results obtained from each class of dichromats, as indicated. The orientation of the ellipses is given in Table 2 . The table includes a detailed statistical analysis between the different subclasses of colour defectives• The mean angle of the major axis for the protan defectives was -25.1 deg (SD = 1.1). The orientation of the protan ellipse ranged from -23.7 to -26.5 deg. The mean angle of the major axis for the deuteran defectives was --25.4deg (SD=3.2). The orientation of the deuteran ellipse ranged from -19.2 to -31.4deg. There was no significant difference in orientation between protan and deuteran colour contrast ellipses nor between the colour contrast ellipses of protanopes and deuteranopes. The orientation of the major axis of the ellipse of the congenital red-green defective represents a red-green direction which is almost identical to the red-green minor axis of the normal ellipse [see Fig. 3(D) ]. The minor axis of the ellipse of congenital red-green defectives is a blue-yellow direction in CIE colour space, corresponding to the direction of the major axis of the normal ellipse.
The mean length of these axes is given in Table 3 . The mean threshold along the red-green major axis of the protan ellipse was 0.0563 (SD = 0.0183), ranging from 0.0269 to 0.0739. The length of the colour contrast ellipses showed a non-overlapping distribution in the length of the colour contrast ellipses between dichromats and anomalous trichromats [ Fig. 4(B) ]. The mean threshold along the major axis of the deuteran ellipse was 0.0278 (SD=0.0114), ranging from 0.0110 to 0.0401. We found an identical distribution for the length of the colour contrast ellipse in deuteranopes and extreme deuteranomalous trichromats. The length of the colour contrast ellipses of simple deuteranomalous trichromats, however, showed a non-overlapping distribution with the length of the colour contrast ellipses of either deuteranopes and extreme deuteranomalous trichromats [ Fig. 
4(C)].
There was a non-overlapping distribution of the length of the colour contrast ellipses in protanopes and deuteranopes, with the protanope ellipse being larger [ Fig. 4(B,C) ].
The mean threshold along the blue-yellow minor axis 
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The length of the axis is expressed as a vector distance in the (x,y) diagram. Student's t-test: NS = P >/0.02; *= 0.001 ~> P < 0.02; ** =P < 0.001.
of the protan ellipse was 0.0082 (SD = 0.0019). The mean threshold along the minor axis of the deuteran ellipse was 0.0063 (SD = 0.0012). The length of the blue-yellow minor axis was not significantly different for protan vs deuteran defectives (Table 3) . Compared to normals the colour contrast thresholds in the red-green direction were significantly higher for congenital colour defectives showing a non-overlapping distribution (Fig. 4) . In other words all congenital redgreen defectives show a decreased sensitivity in redgreen colour contrast compared to normals. In the blueyellow direction, however, colour contrast thresholds were identical for both congenital red-green defectives and normals.
DISCUSSION
Heterochromatic flicker brightness match
Colour contrast thresholds were investigated in normals and congenital colour defectives using conditions where equiluminance was adjusted for individual differences in relative spectral sensitivity using a heterochromatic flicker-minimizing technique. In the case of normals, this compensated for individual spectral differences in preretinal absorption, slight differences in cone spectral absorbances and possibly, in some of the heterozygotic females, for differences in photopigment spectral absorption characteristics. In the case of colour defectives, the same corrections would apply, but in addition, there are considerable differences in the photopigments, which shift the relative luminosities of the stimuli.
The relative luminance ratios in normals are nearly R: G = 1 and B: G = 1. Interindividual differences are due to individual variations in spectral sensitivity, due to differences in preretinal absorption, errors in the machine calibration and imprecisions in determining thresholds.
The distribution of the R:G ratios of the heterochromatic flicker brightness test of normal females was found to be significantly larger then the distribution for normal males. The distribution of the R: G ratios of normal females overlaps with the distribution of the R: G ratios of protan defectives at one end and the R'G ratios of deuteran defectives at the other. It was hypothesized that the overlap in the R: G ratios of the heterochromatic flicker brightness test between normal females and congenital red-green defectives is due to the presence of carriers of the X-chromosome linked congenital colour defects in the tested group of females (Mollon, 1989) . Therefore obligate carriers of both protan and deuteran colour defects were tested and their R:G ratios were indeed found to be situated at the respective protan and deuteran overlapping ends of the distribution. Similar observations were previously obtained by Est6vez and Spekreijse (1982) with a LED technique. These results strongly imply that the presence of an abnormal gene on the X-chromosome encoding red and green visual pigments is affecting the relative spectral sensitivity according to the specific congenital gene defect in carriers of a congenital red-green defect. It would be very interesting to analyse the individual gene defects in an attempt to correlate flicker ratios with particular genetic defects.
Since the system uses non-monochromatic primaries for the brightness match, we compared our results with the results obtained by Schmidt (1955) using monochromatic stimuli which is illustrated in Wyszecki and Stiles (1984) , p. 460. As the relative spectral emittance of the red and green gun was known, the flicker values expected in protan and deuteran defectives could be calculated, using the values for the luminous efficiency functions of protanopes and deuteranopes given by Wyszecki and Stiles [(1984; Table 4(5.14.2) , columns 3 and 5]. The calculated protan/deuteran ratio is within 4% of the value experimentally determined and validates the use of nonmonochromatic primaries for brightness-matching in normals and congenital colour defectives.
Compared to normals, protan colour defectives required a higher intensity of the red primary, while deuteran colour defectives required a higher intensity of the green primary at minimal flicker. The relative luminances of the red and the green primary (R: G ratio) at minimal flicker showed a non-overlapping distribution between protan and deuteran colour defectives and normal males confirming the results earlier reported by Schmidt (1955) who tested 864 male subjects. This means that the very simple and rapid method of the heterochromatic flicker brightness test acts like an anomaloscope and can be used to detect and distinguish all protan and deuteran defectives. Therefore the heterochromatic flicker brightness test is an excellent screening test for congenital colour defectives with a sensitivity of 100%. This is in contrast with the Farnsworth-Panel D15 test which detected all protan and deuteran dichromats but only 55% of the protanomalous and 64% of the deuteranomalous trichromats.
Colour contrast thresholds along protan, deuteran and tritan axes
Secondly, we investigated colour contrast thresholds in normals and in congenital red-green defectives in equiluminous conditions. The importance of the distinction in loss of colour discrimination and loss of luminance discrimination has been stressed by KingSmith et al. (1984) .
We measured colour contrast thresholds along earlier proposed colour axes defined by the described protan, deuteran and tritan isochromatic lines. However, all presented colours, defined by CIE coordinates, were adjusted according to the individual relative luminance values of the flicker brightness test. This compensation for individual differences in preretinal (e.g. lens or macular pigmentation) and retinal absorption makes stimuli and background equiluminous for each tested subject. Subsequent to the adjustment for (psychophysically) equiluminance, the chromaticity of the tested stimuli is influenced. For normals this correction was small. For congenital colour defectives larger shifts in colour were made, and varied from individual to individual.
The colour contrast thresholds in both the protan and the deuteran colour axis were unmistakably higher in all congenital colour defectives. In the tritan axis colour contrast, thresholds were identical for congenital colour defectives and normals. These findings show obviously that colour contrast testing can discriminate congenital colour defectives from normal colour viewers. Moreover, the fact that the colour contrast threshold in the tritan axis is not influenced by the congenital colour defect is important in considering the defects found in acquired disease, which are often greatest in the tritan axis.
However, colour contrast thresholds could not distinguish protan and deuteran colour defectives.
Ellipses
In an attempt to provide a more accurate discrimination between protan and deuteran colour defectives we undertook a more elaborate investigation. Analogous to the experiments of MacAdam (1942), we determined colour contrast ellipses nominally centred on the locus Ix = 0.33, y = 0.33]. Ellipses were analyzed for normals and for protan and deuteran congenital colour defectives including both anomalous trichromats and dichromats.
For a normal subject the major axis of the ellipse is oriented in a blue-yellow direction and corresponds to a described tritan colour confusion line (Wright, 1952) . The minor axis is oriented in a red-green direction. There is a remarkable difference in colour contrast sensitivity along the different directions in colour space. Our results are very similar to the data obtained by MacAdam (1942) . Although previously reported, the present experiments show clearly the advantage of the modern electronic techniques, because a relatively short and simple procedure is sufficient to obtain these results. It follows that we have sufficient control and discrimination to measure parameters of normal colour vision.
For congenital red-green defectives, the data points of both dichromats and anomalous trichromats are clearly represented by an ellipse, where Barbur, Birch and Harlow (1993) only include dichromats as their results of anomalous trichromats are difficult to analyse. The ellipses of congenital colour defectives are much larger than ellipses of normals, and the major axes are rotated by about 90 deg. The minor axes of the ellipses of the congenital colour defectives are thus nearly orientated in the direction of the major axes of the ellipses of normals. In this direction, which is a blue-yellow direction, the colour contrast thresholds of the congenital colour defectives are identical to the colour contrast thresholds of normals. This result is in agreement with our findings along the previously investigated tritan colour axis. These findings confirm the absence of any tritan defect in congenital red-green defectives, which has been shown by means of tritanomaloscopy (Jaeger, 1981) .
The colour contrast thresholds along the red-green direction of the major axis of the ellipse of the congenital colour defectives are clearly elevated in all congenital red-green defectives compared to the thresholds of normal colour viewers in the same red-green direction. Furthermore, the colour contrast ellipses of the congenital colour defectives show an important variability in the length of the ellipses, which corresponds for both protan and deuteran colour defectives to the quantitative classification based on anomaloscopy. Thus the colour contrast threshold along this red-green direction in colour space distinguishes not only congenital colour The centres of the ellipses are displaced toward the red for protans and toward the blue-green for deuterans, as would be expected for the operations performed. Thus the results demonstrate that the method of measurement gives results consistent with what is known about congenital defective colour vision, while nominally only one axis is required to quantify both protan and deuteran congenital colour defects. A recent paper by Regan, Reffin and Mollon (1994) provides an alternative means of detecting colour deficiencies with computer techniques by introducing luminance 'noise' into coloured images. In this way, equiluminant colour contrast stimuli need not be produced. The results of this technique are similar to ours, but the tritan thresholds in congenital colour deficiencies appear to be increased. Our technique did not disclose this, and at least on these grounds, it seems desirable to use equiluminous stimuli when testing for acquired defects. These differences and other theoretical implications of our findings will be analyzed in a subsequent paper (in preparation).
We have demonstrated that congenital red-green defectives and even carriers of congenital colour defects can easily be investigated by the computer system described by Arden et al. (1988) . Congenital red-green defectives and carriers of congenital red-green defects are identified and discriminated by a simple heterochromatic flicker brightness test. The depth of the congenital colour defect in coiour defectives can be quantified by a single colour contrast threshold along a red-green axis which is identical for all types of red-green defects. Furthermore it was shown that the colour contrast discrimination in tritan colour axes is not influenced by red-green congenital colour defects, which is of extreme clinical importance to detect and quantify an acquired colour defect even in the presence of a previously unknown congenital colour defect. defectives from normal colour viewers, but offers a quantitative approach to colour defect depth in congenital colour defectives.
One feature of the data (as collected) is that there was no significant difference in orientation between protan and deuteran colour contrast ellipses. This is shown in Fig. 5(A) . This result, however, does not take into account the fact that there is a grossly abnormal colour balance in the anomalous persons' setting of equal brightness. While for normals who may have variable preretinal filters this balancing technique is usually of small magnitude, the crude graph results of defectives are disturbed by the modified spectral sensitivity of the protan and deuteran congenital colour defect. The actual CIE coordinates of the thresholds, after adjustment for the relative luminance differences for each subclass were measured with a Minolta chromameter CS100. The ellipses fit to the actual CIE coordinates of the mean thresholds obtained for five protanopes and two deuteranopes are shown in Fig. 5(B) . It can be seen that the major axes of the protan and deuteran ellipses lie on the more familiar colour confusion lines for these conditions.
